Abstract. This paper provides a new scheme for wireless power transfer (WPT) technology based on magnetically coupled resonance. The technology is used to solve the problem of reliable power supply for the monitoring terminals of high voltage power grid (HVPG). Because the technology takes the magnetic field as the medium, it can transmit power from high potential side to low potential side without destroying the insulation condition of high voltage line. In this paper, a WPT system under high voltage environment is designed, and has high transmission efficiency in mid-range distance. The availability of this method is verified by a set of experimental platforms.
Introduction
Grid monitoring terminals in high-voltage and extra-high voltage environment is of particular importance to ensure the stability and security of power system [1] [2] . However, reliable power supply for monitoring terminals of HVPG is always the key problem to limit the intelligent monitoring and management of power system [3] . Most of the traditional solutions use distributed energy such as wind energy, solar energy, etc., and the inherent instability of distributed energy makes the terminals not get reliable energy supply, especially in southern China where rainy weather is frequent [4] . However, a prominent contradiction forms. Although there is plenty of electric energy on the high voltage transmission line, it cannot be directly used from the high potential side due to insulation requirements.
In recent years, the rapid development of WPT technology makes it possible to transfer power directly from high potential side to low potential side, which provides a new possibility for the power supply for intelligent monitoring terminals. WPT was first proposed by Nekola Tesla, the father of WPT, a century ago [5] , and has been an active research topic since MIT reported their achievements in 2007 [6] . The results greatly promoted the application of WPT in EV [7] [8] , mobile device [9] [10] , medical implants [11] [12] and so on. Characterized by mid-range and high efficiency [13] , WPT technology can be potentially applied in the field of smart grid. This paper designs a set of WPT system applied in high voltage environment as shown in Fig. 1 , and its working principles are analyzed. Meanwhile, the performance of the system is verified by simulation and related experiments. The aim is to get a complete system design and operation scheme, in order to promote the application of WPT in smart grid.
System Structure and its Modeling Analysis
System overall structure. According to the structure as shown in Fig. 1 , the system model is shown in Fig. 2 . S 1 is a frequency adjustable AC voltage source; L 1 , C 1 compose the resonator of transmitting side and R s is the internal resistance of transmitting side; L 2 , C 2 compose the resonator of receiving side and R W is the internal resistance of receiving side; R L is equivalent resistance of load. WPT can be realized by the two magnetically coupled resonators when driven by a suitable source.
As shown in Fig. 2 , both the working current at the transmitting side and the receiving side can be obtained according to Kirchhoff's law of voltage, as shown in the Eq. 1 and Eq. 2 [14] [15] . Z 1 and Z 2 are International Forum on Energy, Environment Science and Materials (IFEESM 2015) the impedance of transmitting side and receiving side, respectively. M is the mutual inductance between the two coils and ω is the angle frequency of the driving power source. 
By releasing the Ohm's law in complex frequency domain, the WPT model can be simplified as shown in Fig. 3 . Z re in Fig. 3(a) is the reflected impedance by receiving side according to conventional transformer theory as shown in Eq. 3; jωMI 1 in Fig. 3(b) is the induced electromotive force at receiving side according to Faraday's law of induction. Relative calculation shows that the power consumption of Z re is conjugated with the power consumption of the receiver as shown in Eq. 4. Since reactive power does not consume energy, ratio between the real part of Z re and the overall resistance in Fig.3 -a can be viewed as the transmission efficiency. Resonant circuit design. The transmission efficiency is calculated as shown in Eq. 5. Under the the invariant conditions including resistance R s and R W and the load R L and mutual inductance M, it only needs to adjust the operating frequency to make the real part of the Z re obtain the maximum value to obtain the maximum transmission efficiency. The derivation of impedance Z re on angular frequency ω can obtain Eq. 6.
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International Forum on Energy, Environment Science and Materials (IFEESM 2015) From Eq. 6 we can know that when system works at the natural angular frequency of ω 2 of the receiving side, the WPT system can obtain the maximum transmission efficiency. This is because the receiving side has the largest power factor in ω 2 , and the maximum reflected impedance is generated at the transmitting side, as shown in Eq. 7. 
According to Eq. 7, the system maximum transmission efficiency is positively related to mutual inductance M and working frequency ω, and negatively correlated with internal resistance R s and R W . Among them, R s and R W are also positively related to working frequency due to skin effect.
For a WPT system on the high voltage line, the transmission distance must be longer than the insulation distance required by the line. With the increase of voltage level, the insulation distance also increases; however, the coupling coefficient between the coils can be quickly reduced by k. Therefore, the designed system needs to maintain a high transmission efficiency in a large transmission distance (e.g. 1.1m for 110kV), thus ensuring enough received power at low potential side. Because the coupling coefficient k can be quite attenuate in a long distance, the mutual inductance M is the main factor to limit the transmission efficiency. Therefore, in the design of the WPT system, a appropriate size of the coil should be designed according to the actual situation, so as to ensure a certain mutual inductance. Then, the transmission efficiency is achieved as high as possible by the trade-off between the internal resistance and the natural frequency.
To obtain a large mutual inductance, a multi-turn cylindrical coil is used. Taking into account the insulation distance and the installation condition of the 110kV line, the designed size of the coil is of 40cm diameter and 6cm height. At the same time, 0.004*1200 Litz wire is used to reduce the internal resistance caused by skin effect, thus increasing Q value [16] . The relationship between coil inductance and resistance against working frequency is shown in Fig. 4 . The coupling coefficient k is 0.00356 by the elliptic integral when the working distance is fixed at 1.1m.
When considering the main factors affecting the transmission efficiency of the system, the heat loss of MOSFET is also a large proportion, which can not only reduce the system efficiency, but also increase the risk of damage to the equipment. Heat loss calculation formula of Mosfets is shown as Eq. 8, where P 1 is the conduction loss and P 2 is the switch loss of one single switch. Eq. 8 is obtained under the condition of 48V DC voltage, the average power 100W of a half bridge driver. Combining Eq. 5 and Eq. 8, an expression of the maximum transmission efficiency of the resonant system with frequency variation is shown as Eq. 9. 
100-
In Eq. 9, the default frequency is the natural frequency of the receiving side. R 1 is the measured coil resistance in different frequency, and 0.1Ω is the approximate resistance in transmitter`s capacitor and other parts ; 1Ωis the approximate resistance in receiver's capacitor and rectifier and R L is taken 6.6Ωas the equivalent resistance of online monitoring device. As shown in Fig. 5 , system can obtain a high transmission efficiency in the vicinity of 400kHz.Considering the reliability of the inverter circuit in the case of heat dissipation, a 460pF resonant capacitor is selected, which makes the natural frequency of the system be in the vicinity of 300kHz.
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Fig. 5. Mosfets dissipation and system efficiency against working frequency
System operating frequency selection. The WPT system on the high voltage line is designed to provide sufficient power for the low potential side. However, the maximum power frequency is often inconsistent with the maximum efficiency frequency, which is particularly evident in over-coupling cases. So it is important to analyze the characteristics of the output power, and select a appropriate operating frequency to adapt to the specific conditions of the high voltage line.
As shown in Fig. 6 , when system works in the under-coupling condition, the output power at the the frequency of maximum transmission efficiency(P 1 ), maximum transmitted power(P 2 ) and maximum received power(P 3 ) are nearly same. When system is in over-coupling condition, P 1 falls off quickly due to frequency splitting [16] and P 2 is slightly smaller than P 3 . Considering the harsh electromagnetic environment of the high voltage side, the control circuits at Tx side have to be shielded by a specialized metal box and communication links between Tx side and Rx side can hardly be established, which means Tx side cannot get the information of Rx side. Since the frequency of maximum transmitted power point can be detected with the information of Tx side only, it is selected as the operating frequency of the WPT system. 
System Implementation
The implementation of the system under high voltage environment is shown in Fig. 7. In Fig. 7 , the high-voltage inductive power collection device can harvest AC power of 50Hz from the simulated large current line, then converts the AC power to DC power of 48V and supply it to the high frequency inverter.The high frequency inverter part is shown in Fig. 8 , which includes a signal generator and an output circuit. In the signal generator part, a DDS module is used to obtain a square (IFEESM 2015) wave signal with adjustable frequency and duty ratio. Then the signal, processed by the driving circuit, drives a inverter bridge composed of Mosfet chips, thus realizing the 48V DC inverter. The inverter circuit generates 24V AC voltage by a class-D half bridge, and it also has a hall sensor, which can detect the operating current of the system in real time. The measured results are used to detect the maximum transmitted power frequency as the operating frequency of the system, and also to adjust the duty ratio of the driving signal to ensure that the output power of the system is no more than the maximum output power allowed by the current on line. The two coils of 0.4m diameter and 28 turns are used as the magnetically coupled resonators, and the outer layer is sealed by epoxy resin to ensure the waterproof property. Capacitors with the advantages of small resistance and high withstand voltage are connected in series with the coils and they can meet the requirement of high transmission efficiency and high resonant voltage.
The received power is still of high frequency and cannot be used for common electronic equipment. Therefore, a rectifier and filter circuit are added at the receiving side to obtain a stable DC power. A wide input power module is also used to provide the standard 12V DC power. In addition, in order to ensure the short-term endurance of load equipment under the condition of line outage, a super capacitor module is connected in parallel with the power input of the load.
When measuring the transmitted power and transmission efficiency of the WPT system, a resistive load of 6.6Ω is used as an alternative of the nonlinear load in Fig. 7 . Under the condition of 200A current on line, the distance between the Tx side coil and Rx side is adjusted from the 30cm to 120cm at interval of 10cm. At various intervals, the operating frequency is automatically adjusted to the maximum transmitted power frequency, and the corresponding transmitted power, received power and transmission efficiency are shown in Fig. 9 . As can be seen from Fig. 9 , in the case of no more than 50cm distance, the maximum transmitted power of the system is less than 100W and is used as the transmitted power. In the case of no less than 60cm, The maximum transmitted power of the system is more than 100W. Due to the limitation of the output power of the inductive power collector, the transmitted power is automatically adjusted to be approx 100W. In Fig. 9 , the expression of the received power / (transmitted power-6W) is adopted in the calculation of the transmission efficiency, where 6W is the energy consumed by the control circuits at Tx side. As shown in Fig.9 , in no more than 1.1m, the received power by load is above 20W, the transmission efficiency is more than 20%. Therefore, the WPT system can provide sufficient power supply for most of the smart grid monitoring terminals at the required insulation distance.
Conclusion and Prospect
This paper presents the design and implementation of a WPT system applied in high voltage environment. The maximum transmission efficiency is analyzed and design principles are proposed. For the practical system, more than 20W power can be provided for Rx side in the condition of 1.1m distance and 200A current on line. This technology can provide adequate and reliable power supply for most monitoring terminals, thus promoting the security of power system and reducing labor costs.
In future work, a set of WPT system of different size will be developed for lines of different voltage level to facilitate the application of WPT technology in smart grid field.
